Gamma frequency (30 -70 Hz) synchronized oscillatory activity in the olfactory bulb is widely believed to be important for odor detection and discrimination. As in other circuits with "gamma activity," the activity in the bulb is driven by GABAergic interneurons, specifically a class of axonless cells called granule cells. However, bulb granule cells appear to lack some key mechanistic features that promote rapid synchrony in other circuits, including direct electrical interconnections and dominant actions for fast neurotransmitter receptors. At least under "static" stimulus conditions, granule cells are driven by kinetically slow NMDA receptors. Here, I used patch-clamp recordings in rat olfactory bulb slices to better understand mechanisms that shape granule cell activity under "dynamic" stimulus conditions that mimic a natural odor stimulus. During a 4 Hz patterned stimulation of olfactory nerve afferents, activation of single granule cells was primarily controlled by two classes of AMPA/kainate receptor-mediated synaptic inputs derived from output mitral cells. The rapid kinetics of these receptors, together with inactivation of A-type potassium channels, ensured that granule cells had short spike-response times. Studies in cell pairs, moreover, indicated that excitatory inputs could synchronize granule cells on a rapid time scale (2-5 ms), in turn resulting in phase-locked GABA release onto mitral cells. The precision of granule cell synchrony was controlled by the same biophysical mechanisms that promoted rapid single-cell spiking. These studies demonstrate the mechanistic underpinnings that transform a circuit with slow, uncoupled activity under static conditions into a fast, dynamic circuit operating with high precision under physiological conditions.
Introduction
Synchronized oscillatory activity at gamma frequency is widely believed to be important for odor detection and discrimination Laurent et al., 2001; Lledo et al., 2005) . Mechanistically, "gamma activity" within the mammalian olfactory bulb depends on a class of axonless GABAergic interneurons called granule cells, which synchronize output mitral cells through inhibitory inputs (Rall and Shepherd, 1968; Friedman and Strowbridge, 2003; Lagier et al., 2004; Galan et al., 2006; Schoppa, 2006) . Bulb granule cells, however, appear to lack some key mechanisms that promote rapid synchrony in many other circuits. For example, granule cells do not form direct electrical interconnections (Schoppa, 2006) of the type that augment gamma activity in the cortex and hippocampus (Galarreta and Hestrin, 1999; Gibson et al., 1999; Tamás et al., 2000; Hormuzdi et al., 2001; Traub et al., 2004) . Also, whereas gamma activity in other circuits relies on kinetically fast AMPA (Fuchs et al., 2001) or GABA A receptor-mediated synaptic responses (Whittington et al., 1995; Traub et al., 1996; Bartos et al., 2002) , synaptic excitation and inhibition in the bulb can persist for hundreds of milliseconds, reflecting the dominant action of kinetically slow NMDA receptors (Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Urban and Sakmann, 2002) .
A number of plausible explanations could account for the apparent mismatch between the observed gamma-network oscillations in the bulb and the cellular/synaptic properties of granule cells. One factor is that previous studies of granule cells have generally been done under "static" conditions (i.e., after a single stimulus of one or a small number of cells). A physiological odor stimulus, in contrast, activates many neurons across multiple breathing cycles. Under these "dynamic" conditions, the receptors and channels that govern bulb neurons may be markedly different, owing to processes such as channel inactivation. In addition, dynamic stimulation could introduce novel circuit mechanisms that appear only when networks are stimulated. For example, one recent study showed that a patterned stimulus that mimics the breathing cycle caused the appearance of synchronized synaptic events in granule cells that were presumed to reflect glutamatergic inputs from mitral cells (Schoppa, 2006) . Dynamic stimulation could also activate Blanes cells in the bulb (Pressler and Strowbridge, 2006) , which could synchronize granule cells through GABAergic inputs. Such "emergent" circuit mechanisms could subserve functions similar to direct interneuron-to-interneuron connections in other circuits.
In this study, I used whole-cell patch-clamp recordings from rat olfactory bulb slices to examine mechanisms that control the activity of granule cells when a 4 Hz patterned stimulus is applied to the olfactory nerve (ON). There were three objectives. First, voltage-clamp recordings in single granule cells were used to categorize synaptic inputs received by granule cells under these conditions, both glutamatergic and GABAergic. Second, I tested how these inputs, together with intrinsic voltage-gated ion channels, shape granule cell activation. Third, recordings from cell pairs were used to examine how the biophysical properties identified in single cells impact coordination of spiking and GABA release in multiple granule cells.
Materials and Methods
Horizontal slices (300 -400 m) were prepared from olfactory bulbs of 6-to 22-d-old Sprague Dawley rats, as described by Schoppa et al. (1998) , and viewed under differential interference contrast optics (Axioskop; Carl Zeiss, Thornwood, NY). All experiments were approved by the Institutional Animal Care and Use Committee at the University of Colorado at Denver Health Sciences Center. In the granule cell recordings, cells were selected from the granule cell layer (GCL) based on their small cell-body diameters (Ͻ10 m) (Pressler and Strowbridge, 2006) . Experiments were performed at 32-35°C.
Electrophysiology. The base extracellular solution for all recordings contained (in mM) 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 25 glucose, 3 KCl, 2 CaCl 2 , 1 and MgCl 2 , pH 7.3, and was oxygenated (95% O 2 , 5% CO 2 ). The pipette solution for most granule cell recordings, except where noted, contained the following (in mM): 125 K-gluconate, 2 MgCl 2 , 0.025 CaCl 2 , 1 EGTA, 2 Na-ATP, 0.5 Na-GTP, and 10 HEPES, pH 7.3 with KOH. In some voltage-clamp recordings in granule cells and mitral cells, K-gluconate was replaced with KCl to augment GABA A receptormediated IPSCs. Current and voltage signals recorded with a MultiClamp 700A dual patch clamp (Molecular Devices, Sunnyvale, CA) were filtered at 2-5 kHz using an eight-pole Bessel filter and digitized at 5-10 kHz. Data were acquired using Axograph software on a Macintosh G4. The membrane voltage (V m ) and access resistance (R s ) were monitored constantly. The acquisition of data was terminated when the V m was more positive than Ϫ40 mV or if the R s was Ͼ20 M⍀. In voltage-clamp recordings, the cell holding potential was Ϫ77 mV (corrected for junction potential), unless otherwise noted. For electrical stimulation, a glass patch pipette (0.5-2 M⍀) was placed in the indicated regions of the bulb. For standard dynamic stimulation of ON afferents, brief pulses (100 s; 0.05-0.5 mA) triggered by a biphasic stimulus isolation unit (BSI-950; Dagan, Minneapolis, MN) were applied as a pattern consisting of five shorts bursts (three pulses at 100 Hz) separated by 250 ms (4 Hz). Each stimulus pattern was applied every 10 -15 s. When stimuli were applied to the external plexiform layer (EPL), mitral cell layer, and GCL, single pulses were used, each separated by 5 s.
In most experiments, the test drugs were bath applied. In some studies testing the mechanisms of type 1 and type 2 synaptic events (see Fig. 2c ), glutamate receptor antagonists [2,3-dihydroxy-6-nitro-7-sulfamoylbenzo-f-quinoxaline (NBQX) and DL-2-amino-5-phosphonopentanoic acid (DL-AP-5)] were applied focally in the GCL using a "puffer" pipette (3 m tip, Picospritzer; General Valve, Fairfield, NJ). Antagonist application was begun 1 s before the start of ON stimulation and persisted for 1-2 s. In experiments in which NBQX eliminated type 2 events, I confirmed that NBQX application was confined to the GCL and did not affect ON-to-mitral cell transmission, based on the fact that NBQX did not reduce type 1 events, at least during the first two to three puffs. Repeated NBQX application eventually led to elimination of both type 1 and type 2 synaptic events, as NBQX diffused slowly into the EPL and glomerular layer.
Data analysis. For the analysis of type 1 and type 2 synaptic events during granule cell recordings, a standard event-detection algorithm was performed using Axograph software. In general, events were detected using templates and statistical criteria (variable between cells) designed to detect as many synaptic events as possible; results of the automated event-detection analysis were verified by visually inspecting a subset of the data traces. Estimates of the relative fraction of type 1 and type 2 events (see Fig. 1d ) were obtained using detection templates with kinetics that matched the average EPSC seen in cells with only type 1 or type 2 events; stricter statistical criteria were used in this analysis.
In mitral cell recordings (see Fig. 4 ), estimates of the normalized IPSC frequency were obtained by analyzing the current traces in 40 ms increments. The computed IPSC frequencies were then plotted as a function of the average I slow current seen during the 40 ms segment. This analysis assumed that most of the IPSCs recorded in mitral cells reflected GABAergic inputs from granule cells rather than bulb periglomerular (PG) cells. This was reasonable, based on the fact that sectioning mitral cell primary dendrites (thereby removing inputs from PG cells) (Schoppa, 2006 ) has a negligible effect on IPSC frequency. IPSC frequencies in cells with and without primary dendrites, respectively, were 53 Ϯ 4 Hz (n ϭ 36) and 52 Ϯ 6 Hz (n ϭ 8).
In voltage-clamp recordings in granule cell pairs (see Fig. 6 ), analysis of EPSC synchrony was done by running an event-detection algorithm on one cell and examining the timing of EPSCs seen in the other cell. The EPSC time was taken from the time to 50% of peak current during the rising phase of the EPSCs. Values of P(co-occurrence) for a given synchronization "window" were taken to be the conditional probability that, given an EPSC was observed in one cell at time ϭ t, an EPSC was observed in the other cell in the interval between t Ϫ window and t ϩ window.
For analyzing granule cell spike synchrony (see Fig. 7 ), spikes were detected in the two cells using a threshold analysis based on the peak spike amplitude (variable between granule cells). The four granule cell pairs chosen for the analysis had peaks in the spike-lag distributions near lag ϭ 0 that were deemed to be significant. Specifically, these were pairs in which the number of events in the histogram bins corresponding to ͉spike lag͉ Ͻ 5 ms deviated from the number of events in bins corresponding to ͉spike lag͉ between 10 and 15 ms by Ͼ2 SDs of the event values for bins corresponding to ͉spike lag͉ between 10 and 25 ms.
In mitral/granule cell-pair recordings (see Fig. 8 ), selection of pairs for analysis of the temporal relationship between granule cell spiking and mitral cell IPSCs was done based on the cross-correlograms computed from voltage-clamp recordings of granule and mitral cell synaptic activity. The four selected pairs had current cross-correlogram peak values Ն0.07.
Statistical significance (**p Ͻ 0.05) was determined using the Student's t test. Data values are reported as mean Ϯ SE.
Results
Experiments on granule cells were performed using 4 Hz patterned electrical stimulation of ON afferents (Fig. 1a) , mimicking the breathing cycle in rats (Youngentob et al., 1987) . Previous studies (Carlson et al., 2000; Schoppa and Westbrook, 2001 ) have established that ON stimulation causes concerted activation of mitral cells affiliated with single glomeruli, indicating effective stimulation of large groups of mitral cells (ϳ25 mitral cells per glomerulus in rat). In addition, patterned stimuli (Schoppa and Westbrook, 2001; Schoppa, 2006) reproduce both odor-evoked slow phasic depolarizations in mitral cells (Margrie and Schaefer, 2003) and gamma frequency synchronized oscillatory activity (Adrian, 1950; Freeman, 1972; Kashiwadani et al., 1999) .
Two classes of glutamatergic excitatory events evoked by dynamic stimuli
The first objective was to use voltage-clamp recordings from single granule cells (holding potential, V hold ϭ Ϫ77 mV) to characterize the classes of synaptic inputs received by granule cells during patterned ON stimulation. In all experiments, granule cells displayed barrages of inward current events that persisted for the duration of the stimulus (Fig. 1) . The exact kinetic characteristics of the events varied significantly between cells, in what appeared to be an age-dependent manner. In young animals [postnatal day 8 (P8) or younger], the events tended to have "moderate" decay kinetics (Fig. 1a-c, GC1 ) with a 20 -80% rise time of 1.43 Ϯ 0.02 ms and decay time constants of 5.7 Ϯ 0.3 ms (n ϭ 17). Approx-imately 44% of the granule cells (8 of 18) in young animals consisted entirely of such events (termed "type 1" events). In contrast, granule cells in bulb slices taken from older animals (older than P14) generally showed more rapid events (Fig. 1a-c,  GC2 ) (20 -80% rise time, 0.34 Ϯ 0.01 ms; decay time constant, 1.5 Ϯ 0.1 ms; n ϭ 24), with 23% (7 of 30) of all cells from older animals consisting entirely of such events ("type 2" events). Most cells at all ages showed a mixture of type 1 and type 2 events (Fig. 1a-c, GC3 ) but a clear agedependent pattern could be seen when type 1 and type 2 events were counted across a large number of recordings (see Materials and Methods) (Fig. 1d) . The fraction of total events that were in the fast type 2 class increased from 0.29 Ϯ 0.08 (n ϭ 18) at P6 -P8 to 0.72 Ϯ 0.07 (n ϭ 26) at P14 -P17 ( p Ͻ 0.001). A similar trend could be seen when comparing recordings from animals at P6 -P8 versus P21-P22 (n ϭ 4; p Ͻ 0.01). These results indicate that the kinetic characteristics of synaptic events in bulb granule cells vary with age, with the majority of events in older rats being on a fast single-millisecond time scale.
Because patterned ON stimulation causes potent activation of mitral cells, the identified inward synaptic events in granule cells could reflect glutamatergic EPSCs evoked secondarily to mitral cell activation. Analyzing the synaptic events directly with glutamate receptor blockers was complicated by the fact that such blockers inhibited ON-to-mitral cell transmission. Application of a single stimulus (100 s; 0.1-0.5 mA) in deeper regions of the bulb (Fig. 2a 1 ) , bypassing ON-to-mitral cell transmission, however, could effectively evoke single synaptic events that resembled the type 1 and type 2 events evoked by patterned ON stimulation, based on their similar kinetics ( decay , 7.9 Ϯ 0.9 ms, n ϭ 15 and decay , 1.8 Ϯ 0.1 ms, n ϭ 8, respectively, for the two classes) and sensitivity to glutamate receptor modulators [see experiments with cyclothiazide (CTZ) below]. The main components of the presumed type 1 and type 2 events were unaffected by the NMDA receptor antagonist DL-AP-5 (100 M; n ϭ 5 and 3 for type 1 and type 2 events, respectively) but were blocked by the AMPA/kainate receptor antagonist NBQX (20 M; percentage of peak amplitude reduction: 83 Ϯ 4%, n ϭ 6 and 85 Ϯ 4%, n ϭ 4 for type 1 and type 2 events, respectively) ( Fig. 2a 2 ) . The finding that type 1 and type 2 events evoked by ON stimulation were mediated by AMPA/kainate receptors was further confirmed by . The top granule cell (GC1), from a rat at P8, showed events that lasted ϳ10 ms. The kinetic profile of these type 1 events can be best seen in the expanded trace (right). GC2, from an older rat at P15, showed much faster events lasting only a few milliseconds (type 2 events). GC3, from a rat at P11, showed both type 1 and type 2 events (arrows on expanded trace). Left, The diagram illustrates some basic elements of the bulb circuit, including axodendritic connections between ON fibers and mitral cells (MC) in a glomerulus (Glom) and dendrodendritic connections (circle) between granule cells and mitral cells. Mitral cell axons (process with arrowhead) have collaterals (not shown) that extend into the GCL. Stim, Stimulation. b, Averaged synaptic events detected from the three cells in a using a standard event-detection algorithm (see Materials and Methods). The event detection for GC1 and GC2 was done using loose statistical criteria, in an attempt to find as many synaptic events as possible. The two average traces for GC3 reflect event detection done using stricter criteria to discriminate type 1 and type 2 events. c, Plots of the 20 -80% rise times for the cells in a. Note that the plot for GC3, with mixed events, shows events with fast rise times clustered at ϳ0.4 ms, as well as slower events. All event detection in this analysis was done using loose statistical criteria. d, Fractional contribution of fast type 2 events relative to the total number of events for three different age groups. The values at both P14 -P17 and P21-P22 were significantly larger than at P6 -P8 (double asterisks).
the shape of the voltage dependence of the current events (Fig. 2b) , specifically their approximately linear dependence with voltage and the fact that the events were inward-going at voltages up to Ϫ37 mV. Also, the type 2 events evoked by ON stimulation could be eliminated when NBQX (20 M; n ϭ 4), but not DL-AP-5 (100 M; n ϭ 2), was applied focally via a puffer pipette in the GCL (Fig. 2c ) (see Materials and Methods).
I next attempted to distinguish the type 1 and type 2 EPSCs pharmacologically using CTZ (50 -100 M), which is a drug that can distinguish between different subtypes of AMPA and kainate receptors. For these experiments, I combined analyses of events evoked by focal stimulation in inner bulb layers and events evoked by patterned ON stimulation (Fig. 2d ), for the latter choosing granule cells that showed only type 1 or type 2 synaptic events to avoid ambiguities in interpreting CTZ effects on synaptic kinetics. CTZ had no effect on type 1 events (9 Ϯ 10% increase in decay time constant; n ϭ 6) but lengthened the decay time constant of type 2 events (by 218 Ϯ 35%; n ϭ 5; p Ͻ 0.05). These results indicate that type 1 events are mediated by CTZ-insensitive kainate receptors, or possibly AMPA receptors composed of CTZinsensitive subunits (Koike-Tani et al., 2005) , whereas type 2 events are mediated by CTZ-sensitive AMPA receptors. Type 1 and type 2 events appeared to differ in one other important respect. In experiments using focal stimulation in deeper bulb layers ( Fig. 2a) , there was a strong stimulus location dependence on the class of events evoked. Type 1 events ( decay Ն 4 ms) were nearly always evoked by stimulation in the mitral cell or EPLs (in 18 out of 20 cells), whereas type 2 events ( decay Յ 2.5 ms) were evoked by stimulation in the GCL (in 11 of 13 cells). These results suggest that type 1 and type 2 events have different locations on granule cells (Fig. 2e) , with type 1 events likely reflecting inputs on distal portions of granule cell apical dendrites (which extend through the mitral cell and EPLs) and type 2 inputs being in the GCL (either on proximal portions of apical dendrites, as shown in Fig. 2e , or on basal dendrites). The differential localization of the events was also confirmed by the puffer experiments described above (Fig. 2c) , in which NBQX application in the GCL caused selective block of type 2 events without affecting type 1 inputs (n ϭ 3).
Previous studies examining spontaneous responses or responses to single-pulse stimuli have shown that granule cells can display GABA A (Carleton et al., 2003 ; Figure 2 . Mechanisms of synaptic events in granule cells. a 1 , Type 1 and type 2 events could be isolated using focal stimulation in more inner bulb layers, either in the EPL or the GCL. Stimulation in the EPL (4 superimposed example traces at top) evoked synaptic events that were kinetically similar to type 1 events evoked by patterned ON stimulation, whereas stimulation in the GCL (bottom traces) evoked responses that included a fast type 2-like component (large arrow). The latter response also showed a small, distinct slow component ( decay ϭ 16 ms) presumed to be mediated by NMDA receptors (small arrow). All events were recorded in the same granule cell from a rat at P10. MCL, Mitral cell layer. a 2 , Type 1 and type 2 events evoked by focal stimulation were reversibly blocked by the AMPA/kainate receptor antagonist NBQX (20 M). Each trace reflects an average of Ն11 responses. b, Voltage dependence of the average detected synaptic event evoked by patterned ON stimulation, taken from pairs showing mainly type 1 or type 2 events. The plotted current values, obtained from several cells, were normalized to the current at Ϫ77 mV in each cell (assigned Ϫ1.0). Note that currents were inward up to Ϫ37 mV and displayed an approximately linear dependence with voltage, consistent with a glutamatergic mechanism involving AMPA/kainate receptors. High current-noise levels prevented reliable measurements of current amplitudes at voltages greater than Ϫ37 mV. c, Focal application of NBQX (20 M) in the GCL with a puffer pipette eliminated selectively fast type 2 events evoked by ON stimulation, further confirming involvement of AMPA/kainate receptors. In this experiment, repeated application of NBQX (bottom trace) eventually blocked all events, as NBQX diffused slowly into the EPL and glomerular layers. d, Type 1 and type 2 events were differentially sensitive to CTZ (50 -100 M). Data traces on the left reflect averaged detected events (n Ն 52) taken from responses to patterned ON stimulation in two cells that showed only type 1 (top) or only type 2 (bottom) events. Summary plots on the right reflect decay time constants of responses to ON stimulation (circles) or, in a few cases, focal stimulation in more inner layers (squares). e, Proposed mechanisms for EPSCs. Type 1 events reflect dendrodendritic synaptic inputs from mitral cell (MC) secondary dendrites in the EPL, whereas type 2 events reflect inputs from mitral cell axon collaterals in the GCL. Stim, Stimulation; Con, control. Pressler and Strowbridge, 2006) or NMDA (Isaacson and Strowbridge, 1998; Schoppa et al., 1998) (Fig. 2a 1 , slow component of response to GCL stimulation) receptormediated synaptic currents, in addition to AMPA/kainate receptor-mediated EPSCs. GABA A receptors, however, did not contribute significantly to responses during patterned ON stimulation. In the analysis of the voltage dependence of the synaptic current events (Fig. 2b) , the "average" event failed to reverse polarity around the chloride equilibrium potential (Ϫ77 mV), as would be expected if GABA A receptors mediated a significant fraction of the events. Also, in experiments in which the standard low-chloride-containing patch pipette solution was replaced with high chloride (115 mM) to augment possible GABAergic events (V hold ϭ Ϫ77 mV), only 2 of 12 granule cells showed current events sensitive to the GABA A receptor blocker bicuculline methiodide (BMI; 10 M). As for NMDA receptors, it was difficult to quantify their contribution during patterned ON stimulation, although it was likely that they mediated a component of the granule cell current response. A slowly decaying NMDA receptor-mediated current could not be detected readily in the isolated transient synaptic responses during ON stimulation (at a V hold of Ϫ37 mV or less) (Fig. 1a, traces for GC2 ), but this absence most likely simply reflected high baseline noise rather than the loss of functioning NMDA receptors (because NMDA receptors are relatively immune to desensitization) (Jonas and Spruston, 1994) .
Properties of granule cell activation during dynamic stimulus conditions
Current-clamp recordings from granule cells were next used to test how the synaptic inputs shape granule cell activation during patterned ON stimulation. Granule cell responses (Fig. 3a) consisted of barrages of EPSPs along with spikes overriding some of the EPSPs. On average, granule cells spiked at frequencies between 5 and 10 Hz and showed specific spike-pattern tendencies that have been observed in vivo (Cang and Isaacson, 2003) , for example, adaptation (spike rate, 10.9 Ϯ 1.3 Hz after the first stimulus burst vs 4.3 Ϯ 0.4 Hz at later times; n ϭ 23; p Ͻ 0.01) and stimulus coupling (spike rate, 9.6 Ϯ 0.7 Hz during the first 150 ms after each stimulus burst vs 4.0 Ϯ 1.3 Hz during the last 75 ms; n ϭ 5; p Ͻ 0.05). Close examination of the timing of individual spikes indicated that granule cells spiked very shortly after the beginning of each EPSP (Fig. 3a, expanded examples, Fig. 3b , cumulative histogram) and also generally only spiked once for each EPSP. Across the population of test granule cells, short spike delays were seen in all cells (Fig. 3c) , with the delay being shortest in cells showing the highest proportion of fast type 2 EPSCs in voltage clamp ( p Ͻ 0.0002). The modest (although highly significant) dependence of the spike delay on synaptic kinetics helped confirm that the upward voltage deflections that led to fast spiking in granule cells were indeed EPSPs, rather than fluctuations in granule cell voltage caused by intrinsic conductances. This conclusion was also supported by studies done in granule cell pairs showing synchronized synaptic events (Fig. 3d ) (see below, Mechanisms to synchronize granule cell pairs), in which the subthreshold fluctuations that preceded spiking in one granule cell could be aligned to clear EPSPs in the other cell. Together, these results indicate that granule cells respond to their glutamatergic synaptic inputs during dynamic stimulus conditions with very short spike delays, being typically Յ10 ms in cells from older animals displaying mainly type 2 synaptic events (Fig. 3c) .
The fast spiking in granule cells during dynamic stimulation contrasts with static, single-pulse stimulus conditions, when granule cells display delayed spiking that depends on kinetically slow NMDA receptors (Schoppa et al., 1998 ) (see Fig. 7a ). I thus wondered whether granule cell activation under dynamic conditions is fundamentally different from static conditions, being dependent on fast AMPA/kainate receptors on granule cells. Testing which glutamate receptor drives granule cell activation during dynamic stimulation directly with glutamate receptor antagonists was, as above, complicated by the sensitivity of mitral cell activation to these blockers. This problem was circumvented here by taking advantage of the fact that robust mitral cell responses to ON stimulation can persist even when NMDA receptors are blocked if network inhibition is partially reduced with a submaximal concentration of BMI (2 M) (Schoppa and Westbrook, 2001 ). I also used the frequency of IPSCs in mitral cells as a reporter of granule cell activation, rather than recordings of granule cell activity itself (see Materials and Methods) (Fig. 4a) . Importantly, this strategy allowed normalization of granule cell activation to the degree of mitral cell activation, which could be estimated from the slow inward current (I slow ) that underlied the IPSCs. I slow drives the previously characterized synchronized depolarizations within glomerulus-specific mitral cells (Carlson et al., 2000; Schoppa and Westbrook, 2001) , and thus its magnitude provided a reasonable estimate of activation in the network with which the test mitral cell was affiliated. Analysis of the normalized IPSC frequency (Fig. 4b) showed that blockade of NMDA receptors with DL-AP-5 (100 M), in fact, had little effect (25 Ϯ 12% increase in slope of lines fitted to plots relating IPSC frequency to I slow amplitude; n ϭ 5; p ϭ 0.21). The lack of effect of DL-AP-5 on IPSC frequency was likely not an artifact of the smaller IPSCs in DL-AP-5 plus submaximal BMI (because, if anything, an IPSC-detection artifact would have led to reduced IPSC frequency counts) and instead is best explained if granule cell activation during dynamic stimulation depends mainly on AMPA/kainate receptors.
One clue into why granule cell activation properties could differ so much between static versus dynamic stimulus conditions was provided by a previous study that showed that the NMDA receptor dependence of granule cell activation under static conditions is because of the action of A-type potassium (I A ) channels on granule cells (Schoppa and Westbrook, 1999) . These channels can selectively attenuate the fast AMPA/kainate receptor-mediated component of the EPSP, with little effect on the NMDA receptor-mediated depolarization. During patterned ON stimulation, granule cells generally underwent sustained depolarizations to Ϫ50 mV or greater, in which Ͼ90% of I A channels should be silenced by inactivation (Schoppa and Westbrook, 1999) and therefore unavailable to attenuate AMPA/ kainate receptor-mediated inputs. To test the degree of I A inactivation directly, current-clamp recordings in granule cells were done in which short current injections (2 ms; 80 -350 pA) were applied to measure the availability of I A channels (Fig. 5a ). The I A -mediated component of the voltage response was determined by application of the I A blocker 4-aminopyridine (4-AP; 10 mM) and calculation of the I A -mediated "difference potential" (Fig. 5b) . Dynamic stimulation virtually eliminated this difference potential (90 Ϯ 17% decrease; n ϭ 7; p Ͻ 0.01). These results indicate that I A channels, which produce slow, NMDA receptor-mediated granule cell activation during static conditions, are inactivated during dynamic stimulation.
Mechanisms to synchronize granule cell pairs I next turned to recordings in granule cell pairs. A previous study (Schoppa, 2006) established that different granule cells can receive synchronized excitatory synaptic inputs, at least those that resemble the fast type 2 variety characterized here. However, the synchronized inputs have not been characterized quantitatively in pair recordings with respect to their timing, number, and input subtype. In addition, the relationship between the inputs and synchronized spiking in granule cells and GABA release has not been tested.
To examine the timing of the excitatory inputs, voltage-clamp recordings of EPSCs were performed in granule cell pairs while sorting pairs simultaneously by input type (Fig. 6a) . Analysis of 23 such pair recordings revealed several patterns. The first was that EPSC synchrony between granule cells was remarkably precise. When measurements of "EPSC-lags" between granule cells were compiled into a histogram, the distributions were well fitted by Gaussian functions with SD EPSC-lag values averaging Ͻ0.5 ms (0.42 Ϯ 0.05 ms; n ϭ 8). Second, there appeared to be no relationship between synchrony and whether the dominant inputs were type 1 or type 2. This pattern was seen regardless of whether synchrony was quantified from measurements of EPSClags (Fig. 6b) ( p ϭ 0.21 for correlation between EPSC-lag and fraction of type 2 inputs; n ϭ 8) or from measurements of current cross-correlation ( p ϭ 0.55 for correlation between crosscorrelation peak and fraction of type 2 inputs; n ϭ 23). Syn- chrony could even be observed between type 1 and type 2 inputs in different granule cells (Fig. 6c) . The third pattern is apparent in the plot in Figure 6d that relates the fraction of EPSCs that were synchronized [P(co-occurrence)] for different "synchronization" time windows. As expected, estimates of the synchronized fraction increased for larger windows, but the plot rises most steeply for increasing windows between 0.2 and 1.0 ms, matching the shape of the EPSC-lag distributions (Fig. 6a) . Using a window value of 1 ms as a cutoff for synchronization, approximately onehalf (51 Ϯ 3%; n ϭ 8) of the EPSCs were estimated to be synchronized. None of the 23 pairs analyzed displayed evidence for electrical coupling in current-clamp recordings, based on the absence of an effect of a hyperpolarizing current injection in one granule cell (Ϫ10 to Ϫ40 pA, 500 ms) on the voltage response in the other cell. Thus, the synchronized EPSCs in granule cell pairs must reflect distinct but synchronized glutamatergic synaptic inputs coming from mitral cells.
From the point of view of the granule cell output, a large number of precisely synchronized excitatory inputs onto granule cells likely promotes synchronized spike activity, although it does not guarantee it. The key issue here is the variability, or "jitter," in the spike response time in single granule cells, which can act to desynchronize spiking even under conditions in which cells receive precisely synchronized inputs. This phenomenon is well illustrated by current-clamp recordings in granule cell pairs that were done under static stimulus conditions (Fig. 7a 1 ) , in which different granule cells were forced to receive EPSPs at the same time by application of single stimuli in the GCL. Under these conditions, the delay to spiking after the beginning of the EPSP was long and highly variable between trials (SD GC spike-delay , 16 Ϯ 3 ms; n ϭ 8) (Fig. 7a 1 , boxed inset) . At the same time, there were large differences in the exact time of spiking between the two cells. Distributions of between-granule cell "spike-lag" values were fitted with Gaussian functions with SD GC-GC spike-lag values that averaged 20 Ϯ 4 ms (n ϭ 4) (Fig. 7a 2 ) . Granule cell spiking, however, behaved quite differently during dynamic ON stimulation (Fig. 7b) , when granule cells showed spike delays with less jitter ( GC spike-delay , 4.7 Ϯ 0.4 ms; n ϭ 15) (Fig. 3a , see superimposed family of isolated EPSPs) and more synchronized spiking ( GC-GC spike-lag , 3.5 Ϯ 1.1 ms; n ϭ 4). That the precision of spike synchrony during static versus dynamic stimulus conditions reflected variations in spike delays in single granule cells was supported by the close match between the GC-GC spike-lag and GC spike-delay values across all experiments (Fig. 7c) . These results suggest that the same biophysical mechanisms that produce fast, low-jitter spiking in single granule cells during dynamic stimulus conditions also ensure precisely synchronized spiking.
Timing of the GABAergic output from granule cells
Although the above analysis indicated that mechanisms exist that drive synchronized spiking in different granule cells, the inhibitory output from those cells need not be synchronized, if GABA release occurs that is not time-locked to spikes. Such asynchronous GABA release could arise, for example, from localized calcium signals associated directly with NMDA receptors on granule cell dendritic spines (Chen et al., 2000; Halabisky et al., 2000) , or if there is prolonged transmitter release associated with calcium increases that follow an action potential (Barrett and Stevens, 1972) . To assess the timing of the GABAergic output from granule cells directly, a last set of experiments was done in which granule cell spikes and mitral cell IPSCs were simultaneously recorded in granule/mitral cell pairs (Fig. 8a) . In these experiments, the test granule and mitral cells were not connected directly to each other (based on the absence of synaptic events in one cell evoked by direct stimulation of the other cell), yet the two cells were part of the same synchronized network of cells (Fig. 8a,  diagram) . Such an experimental configuration had an important practical advantage in that it allowed me to examine the output of a synchronized granule cell network without concern about calcium-buffering effects on GABA release.
If GABA release from granule cells can be supported by "slow" calcium signals, the prediction is that each granule cell spike should be associated with a relatively long-lasting barrage of IPSCs in the mitral cell. However, this was not observed. When mitral cell current was aligned to the spike in the granule cell, the Figure 5 . A-type potassium channels (I A ) on granule cells are inactivated during dynamic stimulation. a, Protocol used to assess whether the AMPA/kainate receptor dependence of granule cell (GC) activation during dynamic ON stimulation (Stim) could be attributed to inactivation of I A channels on granule cells. Three "test" stimuli consisting of depolarizing current injections (I Inj ϭ 100 -250 pA) were applied to the granule cell, one before and two after the start of ON stimulation (see diagram traces at the bottom). The magnitude of current injection was reduced during ON stimulation to maintain similar peak granule cell depolarization. The boxed region at the top shows the averaged responses obtained under control conditions and in the presence of 4-AP for pulses 1 and 3 (average of Ն22 responses). b, The I A -mediated difference potential, used to measure the availability of I A channels, computed from the traces in a obtained under control conditions and in 4-AP.
spike-locked current (I lock ) (Fig. 8b,c) was very short in duration, indeed so short that its duration (7.2 Ϯ 1.9 ms; n ϭ 4) was indistinguishable from the time course of the isolated unitary IPSC (6.2 Ϯ 0.3 ms; n ϭ 4). These results indicate that GABA release from a synchronized set of granule cells happens in a very narrow time window of a few milliseconds surrounding the time of granule cell spiking.
Discussion
Recent studies in olfactory bulb slices have identified several receptor and ion channel mechanisms that can impact the most common class of interneurons of the bulb, the granule cells, at least under static stimulus conditions. Here, using 4 Hz patterned stimulation of the ON, I performed the first detailed analysis of granule cells under dynamic conditions that approximate the physiological situation.
Synaptic mechanisms in granule cells
Voltage-clamp recordings in single granule cells showed that a large majority of the transient synaptic events evoked by patterned ON stimulation were glutamatergic EPSCs mediated by AMPA/kainate receptors, with little involvement of GABA A receptors. The glutamatergic EPSCs, moreover, could be classified into two discrete groups on the basis of kinetics, receptor type, and anatomical location (Fig. 2e) . The first of these (type 1) were ϳ5-10 ms events that appear to originate on distal, apical dendrites at dendrodendritic synapses with mitral cells. Based on their sensitivity to NBQX but lack of effect of CTZ, these events appear to reflect activation of kainate receptors on granule cells (Montague and Greer, 1999) or possibly a CTZinsensitive subtype of AMPA receptor. The second class of events (type 2) were faster ϳ1-2 ms events mediated by CTZsensitive AMPA receptors located in the GCL, likely reflecting inputs from recurrent mitral cell axon collaterals (Shepherd et al., 2004) . Although it cannot be excluded that type 2 events reflect centrifugal inputs from the olfactory cortex that also pass into the GCL, a mechanism involving mitral cell axon collaterals is much more consistent with the observations that type 2 events were activated by ON stimulation and also could be synchronized tightly to type 1 events reflecting mitral cell dendrodendritic inputs (Fig. 6c) . Interestingly, the frequency of type 1 and type 2 events in these studies varied with age, with the fast AMPA receptor-mediated type 2 events becoming dominant in older rats (older than P14). This change could, at least in part, reflect progression of granule cell spine maturation from apical to basal dendrites (Matsutani and Yamamoto, 2004) .
In addition to identifying the types of synaptic inputs that granule cells receive during dynamic stimulation, this study also examined how inputs shape granule cell activation. The main finding, that granule cell activation depends mainly on kinetically fast AMPA/kainate receptors, differs from previous studies, done under static conditions, that argued that granule cell activation requires NMDA receptors (Isaacson and Strowbridge, 1998; Schoppa et al., 1998) . The AMPA/kainate receptor dependence of granule cell spiking observed here may be at least partly because of the fact that dynamic stimulation inactivates A-type potassium channels (I A ) in granule cells (Fig. 5) that, under static conditions, attenuate AMPA/kainate receptor-mediated inputs (Schoppa and West- ) between the values derived from Gaussian fits of the EPSC-lag distributions and the fraction of type 2 inputs. The eight pairs selected for this analysis were those that displayed the highest level of synchrony, based on current cross-correlation measurements. c, Type 1 and type 2 inputs could be synchronized in different granule cells. The trace for GC1, which had mainly fast type 2 inputs, reflects the average detected EPSC in that cell. The superimposed trace for GC2, which had mainly type 1 events, reflects the average current time-locked to the detected EPSCs in GC1. d, The fraction of synchronized excitatory inputs in granule cells was computed from the probability that EPSCs co-occurred [P(co-occurrence)] for different time windows (see Materials and Methods). As expected, P(co-occurrence) increases for larger windows, although it does so most steeply for windows between 0.2 and 1 ms. A window value of 1 ms (vertical dashed line) was used as a cutoff to determine whether EPSCs were synchronized. Each data point reflects an average from the eight pairs described in b. brook, 1999) . Such a mechanism would not only permit AMPA/kainate receptors to drive granule cell spiking but would also prevent action of NMDA receptors, because the early spike-associated afterhyperpolarization would counteract the slow NMDA receptor-mediated depolarization. Also, it appears that there is little, if any, spike-independent GABA release from granule cells driven by calcium signals associated directly with NMDA receptors (Chen et al., 2000; Halabisky et al., 2000) . This conclusion was supported by both the lack of effect of AP-5 on mitral cells IPSCs (Fig. 4) , as well as the precise temporal coordination between granule cell spikes and IPSCs (Fig. 8) .
Although these studies of synaptic mechanisms in granule cells were done in vitro, the results likely have bearing for the natural situation. Previous work done in mitral cells (Schoppa and Westbrook, 2001; Schoppa, 2006) , together with the present experiments in granule cells, show that patterned electrical stimuli can reproduce basic oscillatory and temporal features of odor-evoked responses (Adrian, 1950; Kashiwadani et al., 1999; Cang and Isaacson, 2003; Margrie and Schaefer, 2003) . Additional experiments will be required to address specific unresolved issues related to granule cell mechanisms relevant to the natural situation (e.g., the possible impact of different frequencies/ strength of afferent stimulation or modulation by centrifugal inputs).
Mechanisms of gamma frequency synchronized oscillations
At a network level, granule cells are involved in the generation of gamma frequency synchronized oscillatory activity in the bulb, through their back-and-forth synaptic interplay with mitral cells (Rall and Shepherd, 1968; Friedman and Strowbridge, 2003; Lagier et al., 2004) . Recent studies in mitral cell pairs (Galan et al., 2006; Schoppa, 2006) revealed some aspects of how granule cells impact mitral cells through GABAergic inputs. Specifically, mitral cells spike in synchrony as they recover from IPSPs imposed by granule cells. The present studies examined the other side of this exchange: how mitral cells synchronize granule cells through glutamatergic inputs. Recordings in granule cell pairs showed that mitral cells provide a massive number of synchronized excitatory inputs, and the resulting EPSPs are effective in synchronizing granule cell spiking because different granule cells show uniform spike-response times to the EPSPs. A key factor in determining the precision of granule cell synchrony is the speed of the underlying transmitter receptors. Kinetically, fast AMPA/ kainate receptors that predominate during dynamic stimulus conditions induce synchronized spiking on a time scale of 3-4 ms, whereas slow NMDA receptors drive synchrony that is sixfold less precise under static conditions.
In other brain circuits that show gamma activity, the bestestablished mechanism for synchronizing GABAergic interneurons is through direct electrical and/or GABAergic synaptic interconnections (Whittington et Relationship between single-cell activation kinetics and the precision of synchronized spiking in granule cell (GC) pairs. a 1 , Current-clamp responses in a granule cell pair under static stimulus conditions [i.e., after focal stimulation in the GCL (1 pulse, 100 s)]. In this example, both GC1 and GC2 displayed delayed spiking, the time of which also varied significantly from trial to trial (see 7 superimposed examples for GC2 in boxed inset). The spike-lag, reflecting the difference in time to spiking between the two cells, was also long (ϳ30 ms). Vertical arrows indicate the start of EPSPs. a 2 , Distribution of spike-lags between granule cells for the pair in a 1 . The plot was fitted to a Gaussian function with GC-GC spike-lag ϭ 25 ms. b 1 , b 2 , During patterned ON stimulation, the spike-lag between granule cells was much shorter (ϳ2 ms). The large boxed inset (b 1 , bottom left) shows the entire responses for GC1 and GC2, from which the selected segments were taken. c, Plot relating the between-granule cell spike-lags ( GC-GC spike-lag ) to the variations in spike delays in single granule cells ( GC spike-delay ). Data reflect eight pair recordings made in response to GCL (circles) or patterned ON (squares) stimulation. All data points lie near the diagonal line, reflecting unity, consistent with the idea that the precision of synchronized spiking in granule cell pairs is determined by the jitter in single-cell spike delays. In these comparisons, the GC spike-delay values were meant to reflect approximations, because the distributions of spike delays in single granule cells were not strictly Gaussian, tending to be skewed slightly toward smaller values. Stim, Stimulation.
2001; Cunningham et al., 2003; Traub et al., 2004) . Although there is evidence that fast AMPA receptor-mediated EPSPs can contribute to gamma activity in some cases (e.g., hippocampal CA3) (Fisahn et al., 1998; Mann et al., 2005) , the present study of bulb granule cells provides the first direct evidence using pair-cell recordings that GABAergic interneurons can be synchronized by fast excitatory inputs, in the absence of significant electrical or GABAergic interconnections (but see Reyher et al., 1991) . A reasonable question then is what might make granule cells different from interneurons in many other circuits, allowing them to be synchronized "indirectly" by mitral cell excitatory inputs? Part of the answer may be related to the specific connectivity and response profiles of mitral cells. Mitral cells are organized into discrete glomerular units, each with ϳ25 cells, and studies in slices have shown that direct excitatory interactions can drive both concerted slow depolarizations and rapid time-scale synchrony within these mitral cells (Carlson et al., 2000; Schoppa and Westbrook, 2001, 2002; Urban and Sakmann, 2002; Christie et al., 2005; Christie and Westbrook, 2006) . Thus, during dynamic stimulation, granule cells likely receive EPSPs from a large network of highly active and synchronized mitral cells in close spatial proximity.
Most discussions of functions for gamma activity in the bulb focus on IPSP-driven synchronized spiking in mitral cells and its possible impact on cortical integration of olfactory information Laurent et al., 2001; Brody and Hopfield, 2003; Davison et al., 2003; Lledo et al., 2005) . The mechanisms described here that synchronize granule cells likely contribute to synchronized spiking in mitral cells, because the resulting tightly coordinated GABA release would cause large, fast-decaying synchronized IPSPs in mitral cells. The details of the relationship between granule cell synchrony and mitral cell spike output may, however, be complex. Based on the studies here, one interesting possibility is that synchrony could depend on the strength of network stimulation and its effect on I A channels that determine whether fast AMPA or slow NMDA receptors drive granule cell activation. Whereas AMPA receptors drive fast synchronization under conditions of strong dynamic network stimulation, more moderate stimuli that fail to inactivate I A channels could result in desynchronized NMDA receptor-dependent excitation of granules cells and reduced synchronization of mitral cells. Such a mechanism, operating under natural conditions, may help the cortex differentiate inputs arising from bulb regions that are strongly versus weakly activated by odor.
Summary: a model for gamma frequency activity in the olfactory bulb
The findings in this study, together with previous work, lead to the following model for how gamma activity is generated in the bulb. With each inspiration, activity begins when glutamate released from ON axons causes slow depolarizations within mitral cell networks. These depolarizations, which are ϳ10 mV (Schoppa and Westbrook, 2001; Margrie and Schaefer, 2003) , bring mitral cells from their resting potential (approximately Ϫ55 mV) (Cang and Isaacson, 2003) to near spike threshold (approximately Ϫ45 mV). The resulting spiking in mitral cells leads to synchronous, AMPA/kainate receptor-dependent excitation of granule cells that receive divergent inputs from a single mitral cell or, possibly, a synchronous group of mitral cells. The synchronized granule cells, in turn, synchronize mitral cells through GABAergic outputs. The rapid back-and-forth interplay between synchronized mitral cells and granule cells would persist for as long as mitral cells are depolarized during inspiration. The exact kinetics of this interplay could reflect both the duration of the excitatory and inhibitory synaptic responses (both estimated to be ϳ10 ms in the studies here), as well as intrinsic currents in participating neurons (Desmaisons et al., 1999; Egger et al., 2003) . 
